Investigations of degradation mechanisms of solid oxide fuel cells are crucial for achieving a widespread commercialization of the technology. In this work, electrochemical impedance spectroscopy (EIS) was applied for studying the aging effect on LSM-YSZ cathodes exposed to humidified air at 900 °C for up to 3000 h. 
Introduction
Long term stability is a key issue to take into account when considering the commercialization of Solid Oxide Fuel Cells (SOFC). The study of the long term stability of the SOFC components is very important from a technological point of view, since the degradation rate of the fuel cell is determined by the degradation rates of its main components (i.e. cathode, electrolyte and anode). cathode/electrolyte contact [3] [4] [5] , cathode coarsening and densification 3, 4 , the formation of monoclinic zirconia 3 , and the formation of Mn oxide and Mn volatile species at the cathode/electrolyte interface. 3, 5 The degradation mechanisms as well as the degradation rates strongly depend on the cathode composition and the operation conditions (temperature, current density, polarization, oxygen partial pressure pO 2 , and humidity).
The different degradation mechanisms directly affect the different steps involved in the oxygen reduction reaction (ORR) at the cathode, decreasing the electrochemical performance.
Although the ORR at LSM-YSZ cathodes has been extensively investigated in the last decades, [6] [7] [8] [9] [10] [11] [12] [13] there is not yet a general agreement regarding which mechanisms are involved and which mechanism is the rate limiting step. In order to identify the different contributions to the ORR, electrochemical impedance spectroscopy (EIS) is normally recorded under varying conditions. The ORR steps detected by EIS studies reported in literature include dissociative adsorption of oxygen on the LSM surface 8 or at the triple 3 phase boundary 6, 9, 12 (TPB -where electron conducting phase, ionic conducting phase and pores are in contact), diffusion of O -species along the LSM surface to the TPB 6,7,9,11 , transport of oxygen intermediates and/or oxide ions within the electrode structure (across LSM/YSZ interfaces 6 , and/or through the YSZ portion of the composite 6, 9, 11, 12 ), transfer of oxygen intermediates and/or oxide ions at the TPB 6, 11, 12 , and oxygen ion transfer to the YSZ electrolyte lattice [6] [7] [8] 10 . A low frequency contribution related to oxygen gas diffusion in a stagnant gas layer above the electrode structure 6 or inside the cathode pores 9 has also been observed at high temperature and low pO 2 . It is clear that the actual overall ratelimiting mechanisms depend on cathode composition and microstructure, temperature, pO 2 , polarization, and thermal and electrochemical prehistory. 6 In many studies, the recorded impedance spectra are fitted using a non-physical model typically based on a combination of a resistor in parallel with a capacitor (R//Q circuit). Subsequently, these are associated with one or more physical processes.
However, these circuits cannot properly account for the processes that take place during SOFC operation in cathodes composed by a mixture of an electronic and an ionic conductor such as LSM-YSZ. These phenomena comprise two parallel conduction paths (i.e. electron transport through LSM and oxygen ion transport through YSZ) together with the charge transfer along the LSM/YSZ interface and it is clear that a transmission line model (TLM) approach 14, 15 would seem the most appropriate to describe this kind of phenomena. In fact, it was previously applied in literature to model the EIS response of mixed conducting and composite SOFC electrodes. [16] [17] [18] [19] [20] [21] The TLM allows obtaining the activation energy values for the ionic conductivity and the charge transfer resistance separately, which it is not possible to achieve by modeling the EIS response with R//Q circuits. 22 It is also useful for estimating the extension of electrochemically active region 4 within the electrodes in order to determine its optimal thickness. 18 Other relevant parameters that can be obtained by the TLM are the conductivity of the ionic conductor phase, the charge transfer resistance, and the charge transfer capacitance. [16] [17] [18] [19] [20] [21] The use of the TLM approach implies the arbitrary assumptions that the ionic conduction and the charge transfer reaction are the rate-determining processes (i.e. discarding other possible limiting steps), and that the electrode is a homogenous phase with effective parameters (i.e. discarding the actual inhomogeneity within the electrode). 19 Nevertheless, the parameters estimated by using the TLM are comparable to the ones obtained by microstructural models solved with a finite element approach. 21, 23 Accordingly, the use of a transmission line model can give further insight into the long-term performance of the cathode, and even be useful for identifying the degradation mechanisms.
In this work, we have investigated the effect of aging on the electrochemical performance of LSM-YSZ cathodes after exposure to humidified air (4.4% H 2 O content)
at 900 °C for 3000 h. Cathode conductivity was continuously monitored during the aging treatment using the 4-point van der Pauw technique. The evolution of the cathode electrochemical performance on aged samples was studied by EIS measurements at different temperatures and pO 2 . The microstructural changes and the phase stability were investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD). The effect of aging on the electrochemical performance and on the transport properties of the cathodes was analyzed by using a transmission line based model. 14, 15 In addition, the degradation and activation mechanisms that affect the cathode performance were identified. and monitored with a zirconia oxygen sensor. All impedance spectra were recorded using a frequency response analyzer 1260 (Solartron, UK) within the 4x10 -3 -10 6 Hz frequency range and applying an AC voltage of 50 mV root mean square (rms). Pt current collector layers were painted on both cathodes of each cell and then treated at 900 °C for 6 hours in stagnant air. Impedance spectra were fitted using the software ZView 3.2c. 27 Errors of the fitted parameters were estimated by the program as the range of values which gave similar goodness of fit. difficult to obtain high quality images when using the FIB for imaging instead of standard SEM. However, the image related errors are expected to be similar for all samples and the 2D analysis is thus still useful for detecting changes in measured quantities as a function of aging time. Within the uncertainty, no significant variation with aging time was observed for the microstructural parameters (i.e. triple phase boundary length, interface areas, phase fractions and particle size distributions).
Results and Discussion

Scanning Electron
X-ray Diffraction.− Figure 2 (a) shows XRD patterns collected at room temperature for the reference and the aged samples. All the main peaks observed in the diffractograms can be indexed as originating from YSZ and LSM phases.
The low intensity peak situated at 2Θ ≈ 29.4° and resembling a "hump on the left shoulder" (HLS) 28 was also found in the 0 h sample (see Figure 2 (b)). This feature was proposed to be caused by the anisotropy of lattice distortion, 28, 29 by the formation of a rhombohedral phase induced by stress, [30] [31] [32] [33] [34] by the formation of low-dimensional structures after surface segregation, 35 and by grinding or polishing. [30] [31] [32] 36 As shown in Figure 2 (a), the hump is not present in any of the diffractograms corresponding to the aged samples. The shrinking of the HLS after annealing or aging within the 600-1000 ºC range has also been observed by other authors and attributed to a short range ordering of oxygen ion vacancies to relax the anisotropy of the lattice distortions, 28 or to the reverse transformation of the rhombohedral phase.
31-33
Figure 2(c) shows a peak at 2Θ ≈ 28.2° with ~ 0.6% relative intensity in the diffractograms corresponding to the 2500 and 3000 h aged samples. This peak is related to the formation of small amounts of monoclinic zirconia (m-ZrO 2 ). The m-ZrO 2 formation was also observed by Chen et al. for LSM-YSZ cathodes aged at 1000 °C in air. 37 Small quantities of La 2 Zr 2 O 7 (very close to the detection limit) were observed in the reference sample (see Figure 2 (d)). 
37-39
Transmission Electron Microscopy.− Figure 3 shows a HR-TEM image of two adjacent YSZ grains in the 3000 h aged sample. A low magnification image of the area where the grains are located can be seen in the inset. After the 3000 h aging, the monoclinic zirconia phase was formed adjacent to the main cubic zirconia phase. The crystal planes (1 3 -1) and (2 0 0) of the monoclinic phase with a characteristic acute angle of 74.7° can be observed for the bottom-right grain, while for the top-left grain the (1 1 1) crystal plane of the cubic phase is identified. The occurrence of the monoclinic phase is consistent with the aforementioned XRD results.
Cathode conductivity.− Figure 4 shows the evolution of the cathode conductivity measured at 900 °C in humidified air for four nominally identical cells. The average values of the four cells are also displayed. Conductivity values spread up to 20% between samples after 3000 h, which is attributed to differences between samples inherent to the fabrication process.
The cathode conductivity values displayed in Figure 4 can be attributed to the electronic conduction in the LSM phase since LSM-YSZ composites shifts from an ionic conductor to an electronic conductor for LSM contents typically higher than ∼28 vol% (solid phase fraction). 40 The measured conductivity values are approximately two orders of magnitude lower than the bulk electronic conductivity value of similar LSM compositions (i.e. ∼200 S cm -1 ). 41 These low conductivity values evidence the bottleneck effect 42 mainly caused by the narrow pathways which connect the LSM particles (see Figure 1 ). Nevertheless, the conductivity values increase over the entire period of 3000 h from approximately 1.1 S cm -1 to 2.5 S cm -1 , with this increase being more pronounced in the first 1000 h (see Figure 4) . Accordingly, we speculate that some activation effect occurs as the improvement with aging time in the LSM particle-to-particle contact.
Electrochemical Impedance Spectroscopy.− Impedance spectra recorded at both 650 and 850 °C in dry air corresponding to the reference and the 3000 h aged samples are displayed in Figure 5 Similar results were obtained for the aged samples, although a considerable overlap of the two contributions at lower frequencies could be observed. In all cases, the relative error of the fitting was 1% or less. Nevertheless, this contribution only represents between 11 and 30% of R pol depending on the temperature and aging time.
In the following, the dependence of each contribution with temperature and oxygen partial pressure will be discussed, as to show which mechanisms limit the overall ORR in the composite LSM-YSZ cathode; while the variation with the aging time will give some insight on the degradation mechanisms.
Ohmic resistance contribution.− Figure 9 shows R ohm values for different aging times of the LSM-YSZ cathodes having been exposed to humidified air at 900 °C. R ohm is defined as R s for high temperature spectra (see Figure 7 (b)) and as the sum of R s and R EL for low temperature spectra (see Figure 5 (b), R EL is attributed to the grain boundary resistance). The absolute value of R ohm and the activation energy values are within those expected for a 3YSZ electrolyte 43 as shown in Figure 9 (a). In addition, no dependence was observed with pO 2 (not shown here). All this indicates that the R ohm can be safely attributed to the oxygen ion conduction through the electrolyte. R ohm values increase with aging time (see Figure 9 (a)) with an activation energy (Ea) which remains within a narrow range of 0.85-0.92 eV. The aging tendency is similar regardless of the measuring temperature, although a higher relative increase can be noticed at lower temperatures (see Figure 9 (b)). After 3000 h, a total increase of 40-45% is observed for all measuring temperatures. The increase of the grain boundary and the intragrain resistivity in 3YSZ electrolytes has been associated in the literature with the formation of several variants of the tetragonal phase along with monoclinic zirconia precipitates. 43 13
High frequency contribution.− Figure 10 shows the resistance related to the high frequency contribution (R HF ). A marked difference in the activation energy is observed between the reference sample (0.84 eV) and the aged samples (1.10-1.17 eV range). As a consequence, the trend of the relative percentage variation depends on the measuring temperature (see Figure 10(b) ). R HF values tend to stabilize for the 2500 h and 3000 h samples regardless of the measuring temperatures, although the final relative percentage degradation is higher as the measuring temperature lowers.
The R HF values are nearly independent on pO 2 for the 0 h, 1500 h and 3000 h samples as can be seen in Figure 11( Juhl et al. 46 have reported a change in the activation energy with temperature for the high frequency contribution in LSM-YSZ cathodes, indicating that more than one mechanism could be responsible for the high frequency response. Accordingly, Jørgensen and Figure 10 (b)).
However, it cannot account for the higher R HF values found for samples with longer aging times, neither for the increasing R HF values with aging time observed for the 650 °C curve. In addition, the activation energy and the capacitances are different for the reference and the aged samples (see Figure 10 (a)). All these facts suggest that the high frequency contribution can be a combination of two limiting steps as proposed by
Jørgensen and Mogensen. 6 In view of that, we speculate that the presence of La 2 Zr 2 O 7 at the LSM/YSZ interfaces within the cathode plays a predominant role in the reference sample while the oxygen ion transfer at the cathode/electrolyte interface would dominate in the aged samples. In that case, the increase in R HF for aging times longer than 300 h would imply some degradation phenomenon as the presence of poor ionic conducting phases such as monoclinic zirconia phase at cathode/electrolyte interface. cathodes is within the 1.34-1.46 eV range and it is noticeably higher than the Ea of 1.00 eV corresponding to the reference sample (see Figure 12(a) ). The activation energy of the reference sample is within the expected values for 8YSZ 43 , while these values are significantly higher for the aged samples. Figure 12(b) shows that the effective ionic conductivity is lower for samples with increasing aging time for all the measuring temperatures, although it tends to stabilize for samples with aging longer than 1500 h. In addition, the effective ionic conductivity is relatively lower for the aged samples at the lower temperatures. Several authors have also observed a decrease in conductivity and an increase in the activation energy of yttria, scandia and holmia doped zirconia electrolytes after aging within the 800-1000 ºC range. 29, [48] [49] [50] Kondoh et al. has attributed this behavior to a short-range ordering and trapping of oxygen ion vacancies, which requires higher activation energy for conduction after aging. 48 The short-range ordering of oxygen ion vacancies was associated by Kondoh et al. to a shrinkage of the "hump on the left shoulder" in the X-ray diffractograms. 28 Our X-ray data also displays a decrease in the intensity of this feature for the aged samples, along with the formation of a small quantity of monoclinic zirconia for aging times longer than 2500 h (see Figure 2) . The presence of m-ZrO 2 is detrimental for the conductivity of the YSZ network within the cathode not only because its ionic conductivity is several orders of magnitude lower than that of cubic YSZ, 51 but also because the presence of m-ZrO 2 grains in the YSZ network would produce a loss of percolation. Therefore, the decrease in ionic conductivity observed for the YSZ network inside the cathode is likely to be caused by the same degradation phenomena observed by Kondoh et al. 28, 48 and, to a lesser extent, the formation of mZrO 2 .
16
The effective ionic conductivity values determined from the reference sample slightly depend on pO 2 regardless of the measuring temperature (see Figure 13 ), as expected for 8YSZ. 43 The same was observed for the 1500 and 3000 h aged samples at 850 °C.
Nevertheless, the ionic conductivity of the aged samples at 650 and 750 °C increases as Figure 15 for the aged samples are mostly related to the poorer ionic conductivity of the aged cathodes causing the electrode reaction to contract towards the electrolyte interface. 52 The electrochemically active thickness of the cathode is the region adjacent to the cathode/electrolyte interface were most of the electronic/ionic current exchange (i.e. the oxygen reduction reaction) occurs and can be estimated as 3 times the characteristic length (see the Appendix). Therefore, the electrochemically active thickness decreases from 60-135 µm to 45-60 µm (depending on temperature) after 3000 h aging. Figure 16 shows the dependency of λ with pO 2 . Once again the behavior observed for the reference samples differs from the one observed for the aged samples. λ values at 650 °C strongly increase with decreasing pO 2 for the reference sample, although the dependence becomes weaker as the measuring temperature increases. In the case of the aged samples, only a slight dependence on pO 2 is observed at 850 °C while no clear dependence with pO 2 or aging time is observed at lower temperatures. The oxygen supply is depleted as the pO 2 decreases producing a slower charge transfer reaction rate and hence more reaction sites located far from the cathode/electrolyte interface become active, giving rise to a larger value of λ in the case of the reference sample. This effect is more evident at lower temperatures where the reaction rate is slower. In the case of the aged samples, the charge transfer resistance and the oxygen ion conduction present opposite dependency with pO 2 (compare Figures 13 and 14(b) ) and hence λ is almost independent on pO 2 (see equation A6).
Additional low frequency contribution.− As mentioned before, an additional contribution could be clearly distinguished at very low frequencies in the impedance spectra recorded at high temperature and low pO 2 . The pO 2 dependency of the resistance R w related to this contribution is shown in Figure 17 . R w values are inversely proportional to pO 2 , and they are similar regardless the aging time. In addition, the summit frequency of this contribution is within the 2 -9 Hz range (see Figure 7(a) ). All this indicate that this extra contribution can be interpreted as oxygen gas diffusion in the stagnant gas layer located at the top of the cathode. 
where L is the cathode thickness and λ is defined by:
The impedance ζ is composed of a distributed resistance (r ct ) in parallel with a distributed CPE, yielding the expression: 
where r ct is a distributed resistance related to the charge transfer between LSM and YSZ, and q ct and β ct are the adjustable parameters of the CPE element. 27 In the case of the LSM-YSZ electrode, the impedance χ 1 is a distributed resistance (r 1 ) representing the resistivity of YSZ. Additionally, the impedance χ 2 can be neglected since the LSM electronic conductivity is significantly higher than the YSZ conductivity.
Thus, the impedance expression in equation A1 can be simplified to:
The ZView distributed element DX-11 27 was used to implement the transmission line model in the equivalent circuit. Parameters r 1 , r ct , q ct and β ct were allowed to vary freely while the cathode thickness L was fixed to 50 µm.
The effective ionic conductivity values within the YSZ network can be estimated from the distributed resistance r 1 and the cathode area A according to the formula:
The characteristic length λ can be calculated as: 
